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Abstract
Background: Clostridium autoethanogenum is an acetogenic bacterium capable of producing high value commodity
chemicals and biofuels from the C1 gases present in synthesis gas. This common industrial waste gas can act as the sole
energy and carbon source for the bacterium that converts the low value gaseous components into cellular building
blocks and industrially relevant products via the action of the reductive acetyl-CoA (Wood-Ljungdahl) pathway. Current
research efforts are focused on the enhancement and extension of product formation in this organism via synthetic
biology approaches. However, crucial to metabolic modelling and directed pathway engineering is a reliable and
comprehensively annotated genome sequence.
Results: We performed next generation sequencing using Illumina MiSeq technology on the DSM10061 strain of
Clostridium autoethanogenum and observed 243 single nucleotide discrepancies when compared to the published
finished sequence (NCBI: GCA_000484505.1), with 59.1 % present in coding regions. These variations were confirmed by
Sanger sequencing and subsequent analysis suggested that the discrepancies were sequencing errors in the published
genome not true single nucleotide polymorphisms. This was corroborated by the observation that over 90 % occurred
within homopolymer regions of greater than 4 nucleotides in length. It was also observed that many genes containing
these sequencing errors were annotated in the published closed genome as encoding proteins containing frameshift
mutations (18 instances) or were annotated despite the coding frame containing stop codons, which if genuine, would
severely hinder the organism’s ability to survive. Furthermore, we have completed a comprehensive manual curation to
reduce errors in the annotation that occur through serial use of automated annotation pipelines in related species. As a
result, different functions were assigned to gene products or previous functional annotations rejected because of
missing evidence in various occasions.
Conclusions: We present a revised manually curated full genome sequence for Clostridium autoethanogenum DSM10061,
which provides reliable information for genome-scale models that rely heavily on the accuracy of annotation,
and represents an important step towards the manipulation and metabolic modelling of this industrially relevant
acetogen.
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Background
One of the greatest challenges facing industry and soci-
ety is the future sustainable production of chemicals and
fuels from non-food resources while at the same time
reducing greenhouse gas emissions. To date, the focus
has been on the use of lignocellulosic biomass feed-
stocks. The exploitation of biomass, however, is reliant
on an energy intensive pre-treatment step, and there-
after, the addition of costly exogenous hydrolytic en-
zymes required to convert the partially deconstructed
biomass into the sugars needed by the fermentative
process organisms. The costs involved are making the
development of economic processes extremely challen-
ging [1, 2]. A range of solutions are being explored to
increase the economic viability of this process, including
the direct microbial conversion of biomass by lignocellu-
lose degrading organisms [3]. One alternative solution is
to develop processes based on acetogenic bacteria such
as Clostridium autoethanogenum, whereby carbon is
directly captured (in the form of carbon monoxide or
carbon dioxide) through anaerobic gas fermentation.
These bacteria are capable of growth on a spectrum
of waste gases from industry (e.g. steel manufacture
and oil refining, coal and natural gas [4–7]). Thus,
gas fermentation allows the production of low carbon
fuels and high-value chemicals without competing for
food or land. It therefore represents an extremely ver-
satile platform for the sustainable production of com-
modity chemicals and fuels.
C. autoethanogenum is a strictly anaerobic, Gram-
positive, spore forming, rod-like, motile bacterium. It
was first isolated from rabbit faeces in 1994 under an
atmosphere of carbon monoxide, nitrogen and carbon
dioxide, with carbon monoxide as the sole energy source
[8, 9] and was identified as a facultative chemolithotroph
[9]. Since its isolation, this bacterium has quickly gath-
ered interest as a potential chassis for biofuel and high-
value chemical production (see for example [7, 10–13]).
As a means of further understanding this organism, and
for its effective exploitation for biofuel and biochemical
production by means of metabolic engineering, a draft
genome sequence of C. autoethanogenum DSM10061 was
first elucidated using 454 GS FLX Titanium and Ion
Torrent PMG techniques by Bruno-Barcena et al. in 2013
[14]. The collection of contigs is available under the NCBI
accession number GCA_000427255.1. Subsequently,
Pacific Biosciences single-molecule DNA sequencing tech-
nology [15] was used to generate a finished genome
sequence by Brown et al. (2014) that is accessible under
NCBI accession number GCA_000484505.1 [16]. Accord-
ing to this sequence, the bacterium has a chromosome
length of 4,352,205 base pairs, with 4161 predicted genes,
4042 of which are potentially protein-coding genes with
18 pseudogenes present, and 18 RNA genes. Raw data
from a range of sequencing techniques used by the same
group has recently been published, and includes Roche
434, Illumina Truseq technology, Ion torrent, PacBio RS
II, and Sanger sequencing datasets [17], however the
deposited sequence is presently exclusively representative
of the PacBio sequencing data.
In recent years, the field of next-generation sequencing
has become more accessible and technologies continue
to evolve at a dramatic pace, and as such many previ-
ously published genomes which have been revisited, have
been updated and improved [18–20]. Improvements in
both sequencing technologies and analysis tools have
enabled a higher confidence in the generated genome se-
quence, and as such the coding sequence annotations
also become more accurate and refined. Revisiting and
updating existing genome annotations is absolutely es-
sential, as not only does it allow the opportunity to
increase the users understanding of the organism in
question, but it also improves accuracy for downstream
users when performing automated annotations of related
species [21, 22], reducing the introduction of errors
caused by historic sequencing inaccuracies. Revisiting
existing annotations also allows application of new
biological knowledge to previously uncharacterised
loci, and in the case of manual annotation, allows the
opportunity to standardise features such as enzymes
names and functional characterisation, for better inte-
gration with models.
Our detailed inspection of the Brown et al. closed gen-
ome sequence identified multiple instances of coding
DNA sequences that were annotated as containing
frame-shift mutations, where the reading frame had
become disrupted. Additionally, the coding region of
many genes appeared to contain premature stop-codons
when compared to those of the closely related aceto-
genic species Clostridium ljungdahlii, accessible under
NCBI accession number GCA_000143685.1 [23], thus
theoretically truncating the protein products. Were these
frame-shifts genuine it would have the effect of severely
debilitating the organism’s capacity to survive. This
includes the ATP–dependent DNA helicase RecQ, an
important protein in genome maintenance, which ap-
peared to contain a stop codon which truncated the full
length protein into two 280 and 433 amino acid prod-
ucts (CAETHG_0594 and CAETHG_0595). To further
understand these apparent frame-shifts, we sequenced a
stock of C. autoethanogenum DSM10061, purchased dir-
ectly from the DSMZ culture collection, using Illumina
MiSeq technology and mapped these reads onto the
Brown et al. finished genome sequence. We found 243
discrepancies compared to the finished genome sequence,
the vast majority of which had the effect of ‘repairing’ the
annotated frame-shift regions and premature stop-codons
identified in the genome. Importantly, many of those
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genes exhibit important cellular functions including the
C1 metabolism underlying gas fermentation.
In the following sections, we focus on the identified
differences, resulting in altered or newly introduced
functional annotations and their consequences for the
protein network in C. autoethanogenum, and on the
underlying reasons for these discrepancies. We also
highlight a possible shortcoming of the PacBio RS II se-
quencing technology, which has implications for future
users wishing to employ this technology for gap closing
when performing de-novo sequencing. We demonstrate
the importance of employing a further sequencing tech-
nology following gap closure by PacBio RS II in order to
generate a sequence with a high confidence level, and in
doing so we have corrected 142 annotation errors in
protein coding sequences brought about through appar-
ent frameshift mutation due to under-called homopoly-
mer regions. In culmination of our analysis, we present a
corrected and fully manually curated genome for C.
autoethanogenum, a step which enables a downstream
user to have confidence in the annotation, as a purely
automated annotation can often propagate previous
errors made during annotation of related species [24],
and which allows the annotation to be presented in a
uniform and standardised manner. This represents an
important step towards accurate manipulation of the
industrially relevant organism, and which may be reliably
used as a basis for the generation of metabolic and gen-
omic models.
Results
Analysis of the C. autoethanogenum genome by Illumina
sequencing reveals 243 discrepancies from the Brown et
al. finished genome sequence
Following our initial observations of a number of
frameshift annotations of the published genome for C.
autoethanogenum, and to confirm that our stock of the
organism was representative of the published strain, we
performed Illumina MiSeq on our DSM10061 strain
acquired directly from the DSMZ. This generated over
3.5 million mapped short reads with an average length
of 249.91 base pairs, resulting in an average coverage of
200.96 with a standard deviation of 25.67. To analyse
the range of the coverage across the genome, we
assessed coverage of specifically the coding regions
present in the Brown et al. finished genome sequence.
The results confirmed that 99.85 % of CDS’s had cover-
age of at least 40 reads for 100 % of the sequence, and
100 % of CDS’s had coverage of at least 40 reads for at
least 60 % of the sequence. The distribution of coverage
against all coding regions is represented graphically
below (Fig. 1.). It was found previously that de-novo as-
sembly using an Illumina MiSeq dataset led to regions
of low coverage [16], however using the PacBio
generated sequence as a reference appears to have alle-
viated this problem. The genome had 4,352,627 base
pairs, a G + C content of 31.09 %, predicted 3969
protein-coding sequences (CDS), and 70 RNA-coding
genes. The whole-genome sequencing project for C.
autoethanogenum JA1-1 has been deposited at National
Center for Biotechnology Information (NCBI) under
the accession number CP012395. We were able to map
reads using the Brown et al. finished genome sequence
as the reference and the software tool CLC Genomics
Workbench version 7.0 (CLC Bio; Qiagen). We ob-
served 243 differences in our strain as compared to the
reference (Table 1, Additional file 1). Interestingly, all
but one of these discrepancies were identified as single
base pair insertions, and these occurred with a seem-
ingly random distribution across the genome, both in
coding and non-coding regions (Fig. 2). Large INDELs
were also screened for using the CLC genomics work-
bench, but none were detected.
Sanger sequencing confirms single base pair insertions
To determine whether these discrepancies were genuine
differences or artefacts of the sequencing technology
employed, we performed further analysis on a randomly
selected sample, from those which occurred in coding
regions, by Sanger sequencing. Primers were designed
approximately 250 base pairs upstream and downstream
of the site in question, and the resultant ~500 base
pair amplified product was sequenced using both for-
ward and reverse primers by Source Bioscience.
Sanger sequencing from both forward and reverse re-
actions from all samples confirmed our Illumina
MiSeq data (Additional file 2), indicating that the
Illumina sequencing had made the correct calls for
these single base discrepancies in our strain versus
the Brown et al. finished genome sequence.
Comparison of our sequence to that of published
sequences revealed that a high percentage of our
discrepancies agreed with the finished genome sequence
of C. ljungdahlii and of genes located in the Bruno-
Barcena draft genome sequence of C. autoethanogenum
The finished whole genome sequence (WGS) of C. ljung-
dahlii, a genus of Clostridium that is phylogenetically in-
distinguishable from C. autoethanogenum [25] and
contains a very high genome sequence similarity (>98 %,
[26, 27]), was published in 2010 by Köpke et al., and is
available on the NCBI database (NCBI: NC_014328.1 [5]).
We used the nucleotide Basic Local Alignment
Search Tool (BLAST) to search for homologous regions
in C. ljungdahlii to those containing discrepancies be-
tween our finished genome sequence and the Brown
et al. finished genome sequence of C. autoethanogenum
to determine which the corresponding sequences from
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C. ljungdahlii that are present agree with. We found
that of the 225 regions that are present in C. ljung-
dahlii all instances confirm our C. autoethanogenum
finished genome sequence. Furthermore, we per-
formed protein BLAST searches against the amino
acid sequences of each discrepancy that occurred
within a protein-coding region (142 in all). Of these,
127 coding regions are also present in C. ljungdahlii,
and 59 are represented within the contigs of the
Bruno-Barcena draft genome sequence. 125 coding se-
quences from C. ljungdahlii are identical to those
found in our finished genome sequence, and the two
that were not also did not agree with the Brown et
al. finished genome sequence. Of the 59 coding-
regions present within contigs of the Bruno-Barcena
draft genome sequence, 55 agreed with our sequen-
cing and the four that did not also did not agree with
the Brown et al. finished genome sequence (Table 1,
Additional file 1). In summary, through direct com-
parison with both the C. ljungdahlii finished genome
sequence and the Bruno-Barcena draft genome se-
quence, we can be confident that our Illumina se-
quence has called the correct bases in these instances.
A detailed review of the automated annotation of these
proteins in the Brown et al. finished genome revealed
that many of the discrepancies caused frame-shifts that
resulted in premature or multiple stop codons to occur
within the sequences (Table 1, Additional file 1). More-
over, the majority of these discrepancies (207 out of 243)
occurred in homopolymer regions greater than five bases
in length (Fig. 3) and the change present in each of these
occurrences was the insertion of an additional monomer
in our Illumina sequence, suggesting a tendency for call-
ing strings of homopolymers short by PacBio technology
at the time of publication of the Brown et al. finished
genome sequence.
Investigation of the origin reveals a previously
undiscovered additional 181 base pair insertion
One identified discrepancy occurred at the beginning of
the genome sequence assembly, where we observed a 1
base pair (bp) deletion. Investigation of this deletion by
Sanger sequencing with primers ~350 bp upstream and
downstream of the origin revealed a previously unidenti-
fied additional 181 bp. As neither the previous PacBio
sequencing nor our own Illumina assembly revealed this
insertion we performed a BLAST search of the region
against C. ljungdahlii (GCA_000143685.1) to confirm its
presence in the closely related acetogen. The start point for
the assembly of C. ljungdahlii is in a different location to
that of C. autoethanogenum finished genome sequences.
The additional bases were present in C. ljungdahlii
Fig. 1 Distribution of coverage of coding sequences across the genome. A visual representation of the depth of coverage of all coding sequences as
generated by the Brown et al. genome annotation
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upstream of the mopI gene, which is in the same lo-
cation as C. autoethanogenum relative to their CDS.
The additional bases are in a non-coding region of
the genome in both organisms.
Manual annotation of our C. autoethanogenum finished
genome provides a reliable reference for those working
with this anaerobic acetogen
Our C. autoethanogenum finished sequence was uploaded
to the genome annotation system GenDB [28], a user-
friendly framework for genome assessment, annotation
and curation. Annotation of the genome sequence was
performed using GenDB version 2.4 [28]. Region predic-
tion in the GenDB package is realized by the tools Prod-
igal [29] for coding sequences, tRNAScane-SE [30] for
tRNAs and RNAMMER [31] for rRNAs. The Brown et
al. C. autoethanogenum strain DSM 10061 finished gen-
ome sequence [16] was used as a reference for annota-
tion with the following parameters e-value cut-off 10−5,
with combined identity of 25 %, which means 50 %
identity for 50 % of the length of the gene. This auto-
matic annotation resulted in 3747 perfect matches, 73
matches with a different length.
Following automatic assignments, annotation of the
identified ORFs was performed based on sequence simi-
larity searches against sequence databases and subsequent
manual curation and annotation using GenDB 2.4 [28].
Sequence similarity analyses were accomplished using
blastx [26] against the NCBI non-redundant database on
protein level [32], the Swissprot database [33, 34] and
KEGG [35]. Additionally, manual gene annotation was
performed using PRIAM [36], Motif Scan [37], Prosite
Table 1 Comparison of the discrepancies occurring between the current and Brown et al. whole genome sequencing of C.
autoethanogenum
Position Insertion Gene Homopolymer length Amino acid length Sequence identity
CLAU CLJU CLAU BRO BRO CAUT CLJU
46129 T CAETHG_0051 6 6 412 412 119/367 NF 412/412
283331 C CAETHG_0263 5 5 370 370a NF 370/370 369/370
627984 C CAETHG_0567 2 2 521 245 231/233 NF 521/521
656810 T CAETHG_0595 6 6 722 279 269/269 722/722 717/722
928129 C CAETHG_0862 5 5 293 250 249/249 NF 293/293
985484 C CAETHG_0915 4 4 688 688 NF NF 688/688
1106176 A CAETHG_1030 6 6 172 126 109/109 NF 172/172
1457002 C CAETHG_1363 6 6 296 254 249/249 294/295 292/296
1603900 T CAETHG_1501 8 8 401 401 NF NF 401/401
1620246 T CAETHG_1521 6 NF 323 316 315/315 323/323 310/323
2222019 T CAETHG_2078 8 8 445 326 325/325 NF 444/445
2352969 T CAETHG_2212, CAETHG_2213 2 2 416 202 None 416/416 414/416
2596835 G CAETHG_2429 7 7 400 382 378/378 400/400 400/400
2683087 C CAETHG_2503 4 4 640 615 601/605 640/640 639/640
2805023 A CAETHG_2601, CAETHG_2602 7 AAAGAAA 370 141 138/138 370/370 328/366
2852812 T CAETHG_2647 8 NF 470 314 314/314 469/470 NF
3076804 A CAETHG_2840 8 8 635 487 482/483 635/635 635/635
3396986 G CAETHG_3132, CAETHG_3133 5 5 160 152 149/149 160/160 160/160
3468796 G CAETHG_3212 5 5 271 291 270/271 270/271 270/271
3752592 G CAETHG_3500 5 5 459 418 413/415 459/459 459/459
3786709 T CAETHG_3531 6 NF 144 64 64/64 144/144 NF
3877937 A CAETHG_3599 3 3 270 74 181/182 270/270 269/270
3994749 G CAETHG_3707 6 6 261 176 172/177 NF 261/261
4180142 T CAETHG_3902 5 5 359 99 94/95 NF 359/359
This table shows a representation of the discrepancies that occur when the current Illumina sequence (CLAU) is mapped against the published Brown et al. sequence (BRO).
The insertion column describes the mutation occurring in the CLAU genome compared to the BRO genome. Homopolymer length indicates the number of the same base
occurring consecutively at the site of the discrepancy. Amino acid length gives the annotated protein length of the gene in which the discrepancy occurs. The sequence
identity is relative to our C. autoethanogenum genome sequence when protein BLAST searched on the NCBI database. CLAU, C. autoethanogenum finished
genome sequence in present study; CLJU, C. ljungdahlii DSM 13528 finished genome sequence (GCA_000143685.1); BRO, Brown et al. C. autoethanogenum
finished genome sequence (GCA_000484505.1); CAUT, Bruno-Barcena et al. C. autoethanogenum draft genome sequence (GCA_000427255.1); NF not found.
aindicates protein codes for multiple stop codons
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[38], BRENDA [39, 40], UniProt/SwissProt [34], Inter-
ProScan [41], and Pfam [42] databases. One example of
how our manual annotation differed from that of the au-
tomated pipeline used by Brown et al. can be found in the
case of CLAU_3519 (CAETHG_3609). Here the auto-
mated pipeline from the Brown et al. finished genome
assigned this gene product as a hypothetical protein, how-
ever when the sequence was aligned using BLASTP as
part of our manual curation all other proteins with >75 %
identity were named sodium ABC transporter. Upon fur-
ther inspection in Pfam, one large ABC-2 family trans-
porter protein domain was found (E-value 6.8e-31).
Similar searches of UniProt and KEGG databases agreed
with Pfam, therefore we annotated this gene product as an
ABC-2 family transporter. The correction of the previ-
ously short-called homopolymer reads through our se-
quencing efforts gave a fully annotated finished sequence
of C. autoethanogenum without the erroneous frame-shift
containing annotations which had occurred previously.
Using these tools we were able to manually curate
the entire genome to ensure that the automated anno-
tation was correct and to insert additional information
where required, as well as implementing a standar-
dised protein product naming system as recommend
by the NCBI guidelines [43] for ease of identification
of genes with related functions. As a consequence of
the automated and subsequent manual curation, we
have found 482 instances across the genome where
genes previously identified as ‘hypothetical protein’
have either been assigned a specific function, or have
been named through identification of conserved do-
mains based on sequence similarity. We have also
Fig. 2 Locations of the 243 insertion sites across the genome. Highlighted areas display the location of an insertion site as detected by our Illumina
resequencing of the DSM10061 strain when compared to the Brown et al. sequence
Fig. 3 Discrepancies as related to homopolymer length. The length
of the homopolymer where each discrepancy was determined and
data collated. The vast majority of discrepancies were found to occur
when homopolymer length was between 4 and 8
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encountered 131 instances where the annotation of a
gene product in the Brown et al. finished sequence has
been made less specific, or indeed reverted to ‘hypo-
thetical protein’, as our searches have not been able to
identify sufficient evidence to assign a specific func-
tion. The most common cause for the latter was previ-
ous identification of a gene product based on a minor
region of coverage with homology to a distantly re-
lated species. Through comparison of the results of
each protein sequence alignment to a broad selection
of databases, we were able in some cases to correct
and improve upon the automated annotation,
highlighting the importance of manual curation where
possible. This has supplied us with a robust and com-
prehensively annotated sequence for subsequent work
with this industrially relevant acetogen (Table 2). The
complete list of gene products with an altered function
from those previously described in the Brown et al.
genome annotation is provided in Additional file 3.
Identification of coding sequences not previously
detected in the Brown et al. genome annotation
Through application of the gene finding tool Prodigal, we
have identified eight additional coding sequences which
were not identified in the previous annotation, including
one gene which has been annotated through sequence
similarity as a M28 family peptidase (CLAU_1811), and
one identified as a 3-oxoacyl-(acyl-carrier-protein) syn-
thase 3 family protein (CLAU_2000). The following novel
genes were all identified as ‘Hypothetical proteins’;
CLAU_0723, CLAU_1503, CLAU_2529, CLAU_2784 and
CLAU_3462. As a consequence of the correction of mul-
tiple frameshift mutations, many coding sequences previ-
ously annotated as two separate genes due to an
erroneous stop codon have now been rectified into a
single coding region, and as such our annotated genome
now contains 3969 coding sequences, whereas the Brown
et al. annotation at the time of publication contained 4042
coding sequences.
Discussion
The current greatest technical challenge for creating sin-
gle closed whole genome sequences is the presence of
long stretches of repetitive DNA within those sequences,
which hinders the assembly of shorter DNA reads into
larger scaffolds and finished whole genome sequences.
Many of the current technologies, including Illumina
MiSeq, Ion Torrent and 454 GS FLX+ Titanium give
read lengths in the region of 100–1000 base pairs, which
compared with repetitive sequence lengths commonly
found in bacteria of 5–7 Kb [44], is insufficient to create
a single closed sequence without manual finishing,
which can be costly and time-consuming.
The PacBio RS II sequencing system, used by Brown
et al. [16] for generation of a closed WGS of C. auto-
ethanogenum, was until recently the only long-read
single-molecule sequencer available, and is capable of
simplifying the process of genome assembly due to
greatly increased read lengths [45]. Reads in excess of 15
Kb have been reported utilising the PacBio system [45],
compared with Illumina MiSeq generating average read
lengths of 250 base pairs in this study. Thus, the utilisa-
tion of PacBio systems for the generation of closed
WGS’s from organisms that do not currently have such
a sequence is highly advantageous in terms of both time
and cost. However, it has been found that the error rate
for PacBio sequencing is relatively high when compared
to Illumina sequencing data [46, 47], especially concern-
ing homopolymer regions between two and fourteen
base pairs in length [48]. In our study, we demonstrated
a heavy bias towards under-calling of homopolymer
regions, which in this example led to ~240 erroneous
deletions from the ~4.35 Mb genome of C. autoethano-
genum. This high error rate is in-line with previous find-
ings on long-read assemblies [45], and in recent years
improvements to the algorithms used by PacBio have
had the consequence of reducing the overall error rate
significantly. However, it may still be the case that the
PacBio system should ideally be used in conjunction
with other forms of sequencing following PacBio assem-
bly, such as Illumina MiSeq and Sanger sequencing, to
ensure accuracy of the data, certainly for assemblies per-
formed with earlier iterations of the PacBio technology,
Table 2 A summary of the CLAU genome characteristics
following manual annotation
Attribute Genome (total)
Value % of total
Size (bp) 4352627 N/A
G + C content (bp) 1353310 31.09
Coding region (bp) 3686220 84.69
Total genes 4039 N/A
RNA genes 70 17.33
Genes with GO number(s) 2331 57.71
Genes with SignalP hits 194 4.80
Genes assigned to COGs 36 0.89
CDS with 0 conserved domains 866 21.82
CDS with 1 conserved domains 1983 49.96
CDS with 2 conserved domains 810 20.41
CDS with 3 conserved domains 211 5.32
CDS with 4 conserved domains 62 1.56
CDS with more than 4 conserved domains 37 0.93
Genes with signal peptides 194 4.80
Genes with transmembrane helices 1074 26.59
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as is the case with the dataset in question here. The re-
cently released Oxford Nanopore technology has po-
tential to further revolutionise the field of genome
sequencing over the coming years, allowing label-free,
ultra-long reads (104–106 bases), with the capability
for extremely high throughput, and low material re-
quirement [49].
Conclusions
The whole genome sequence of C. autoethanogenum
presented here-in represents a correction of the sequen-
cing errors present in the previously published closed
genome sequence generated primarily from an early iter-
ation of PacBio sequencing technology. It was annotated
via an automated pipeline and further curated manually
to ensure the quality of annotation. This has resulted in
the generation of the most accurate closed-genome
sequence of the industrially relevant acetogen C. auto-
ethanogenum to date and is an important step forward
for academic institutions and industrial companies that
wish to study and / or manipulate this organism for the
purposes of high-value chemical production.
Methods
Bacterial growth and DNA isolation
The C. autoethanogenum JA1-1 strain was obtained as a
freeze-dried stock from the Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH (DSMZ)
culture collection (DSM 10061) and revived by growth
on a YTF agar medium (per L; Yeast extract 10 g, tryp-
tone 16 g, fructose 10 g, Na chloride 0.2 g, 1000× acidic
trace element solution 1 ml (per L; 50 mM HCl, H3BO3
100 mg, MnCl2.4H2O 230 mg, FeCl2.4H2O 780 mg,
CoCl2.6H2O 103 mg, NiCl2.6H2O 602 mg, ZnCl2 78 mg,
CuSO4.5H2O 50 mg, AlK(SO4)2.12H2O 50 mg), 1000×
basic trace element solution 1 ml (per L; NaOH 10 mM,
Na2SeO3 58 mg, Na2WO4 53 mg, Na2MbO4.2H2O
52 mg), 1000× vitamin solution 1 ml (per 500 ml; p-
aminobenzoate 57 mg, riboflavin 52 mg, thiamine
100 mg, nicotinate 103, pyridoxine 255 mg, Ca D-
(+)-pantothenate 52 mg, cyanocobalamin 39 mg, d-
biotin 11 mg, folate 24 mg, thioctic acid 25 mg), agar
15 g, pH 5.8) in an anaerobic cabinet (Don Whitley) at
37 °C. For storage and DNA isolation, the strain was
sub-cultured into liquid YTF medium and grown to
mid-exponential phase prior to harvesting. Samples were
stored in 25 % glycerol at −80 °C. Genomic DNA isola-
tion was by phenol:chloroform extraction based on the
method of Mamur [50]. Genomic DNA was quantified
with a NanoDrop ND-1000 spectrophotometer (Labtech
International) and the quality was determined via agar-
ose gel electrophoresis. Whole genome sequencing was
performed using an Illumina MiSeq instrument in the
DeepSeq facility at the University of Nottingham.
Sequencing data was mapped against the published C.
autoethanogenum sequence available in the NCBI data-
base (GenBank: CP006763) using the program CLC
Genomics Workbench (CLC Bio; Qiagen).
Genome sequencing data generation
Genome sequencing was achieved at the DeepSeq next
generation sequencing facility at the University of Not-
tingham. Samples were sequenced using an Illumina
MiSeq desktop sequencer, a paired-end approach was
taken with reads lengths of 250 base pairs.
Sequencing data trimming, filtering and assembly
Illumina mate-paired reads were trimmed of their adaptor
sequences and filtered for quality using the program CLC
Genomics Workbench (v. 7.0.4, CLC bio, Denmark), and
subsequently assembled using DSM10061 as a reference
sequence (Additional file 4).
PCR and Sanger sequencing
C. autoethanogenum genomic DNA was used as a tem-
plate for PCR reactions using Q5 High-Fidelity DNA
Polymerase (New England Biolabs Inc.) as per manu-
facturer’s instructions with primers specific for the re-
gion to be sequenced (see Additional file 5). PCR
products were analysed by agarose gel electrophoresis
and DNA recovered using the Zymoclean™ Gel DNA
Recovery Kit available from Zymo Research with elu-
tion into 6 μl sterile water. Samples were sent for
Sanger sequencing at Source BioScience LifeSciences
with the appropriate primer(s).
Automated annotation pipeline tools
The automated pipeline for annotation was performed
using the software package GenDB version 2.4 [28].
Region prediction in the GenDB package is realized by
the tools Prodigal version 2.6.0 [29] for coding se-
quences, tRNAScane-SE version 1.21 [30] for tRNAs and
RNAMMER version 1.2 [31] for rRNAs.
Availability of supporting data
The whole genome data sets supporting the results of
this article are available in the National Center for
Biotechnology Information (NCBI) repository, accession
number CP012395, and the raw Illumina data available
within the NCBI Sequence Read Archive under acces-
sion number SRP066900. Sanger sequencing trace data
is available upon request. All other data sets supporting
the results of this article are included within the article
(and its additional files).
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Additional files
Additional file 1: Discrepancies occurring between the current and
Brown et al. finished genome sequence of C. autoethanogenum. This
table shows all of the discrepancies that occur when our finished
genome sequence (CLAU) is mapped against the Brown et al. finished
genome sequence (BRO). Mutation column describes the mutation
occurring in the CLAU genome compared to the BRO genome. Gene /
region gives the gene name where the discrepancy occurs, ← /← or
similar denotes that the discrepancy occurred in a non-coding region
between the named genes. Homopolymer length indicates the number
of the same base occurring consecutively at the site of the discrepancy.
Amino acid length gives the annotated protein length of the gene in
which the discrepancy occurs, *indicates protein codes for multiple stop
codons and ^indicates that no stop codon was found in the annotation.
The sequence identity is relative to the CLAU C. autoethanogenum genome
sequence when protein BLAST searched on the NCBI database. CLAU, C.
autoethanogenum finished genome sequence in present study; CLJU, C.
ljungdahlii DSM 13528 finished genome sequence (GCA_000143685.1); BRO,
Brown et al. C. autoethanogenum finished genome sequence
(GCA_000484505.1); CAUT, Bruno-Barcena et al. C. autoethanogenum draft
genome sequence (GCA_000427255.1); NF, not found. (DOCX 73 kb)
Additional file 2: Sanger sequencing of selected discrepancies
between the current and Brown et al. sequences. Table showing the
region around the discrepancies between our finished genome
sequence, confirmed by Sanger sequencing, and the Brown et al.
finished genome sequence. (DOCX 23 kb)
Additional file 3: Complete list of gene products with an alternative
function to that previously described by Brown et al. (XLSX 101 kb)
Additional file 4: Illumina mapping summary report. (DOCX 84 kb)
Additional file 5: List of primers used in this study. A list of a forward
and reverse primers used in this study for verification of whole genome
sequencing. (DOCX 17 kb)
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YTF: yeast tryptone fructose; NCBI: National Center for Biotechnology Information;
WGS: whole genome sequence; BLAST: basic local alignment search tool;
CDS: coding sequence(s).
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
CMH performed analysis of the Illumina data, identified SNPs using the CLC
workbench platform, and subsequently performed the PCR and Sanger
sequencing confirmation analysis of 10 % of the discrepancies. CMH produced
Tables 1, 2, Figure 1, 2 and Additional file 1 (with SMC). SMC and CMH wrote
the manuscript, SMC analysed the sequencing data and produced Table 1,
Figure 3 and Additional file 1 (with CMH). SMC produced Additional files 2 and
4. The following authors manually curated approximately 330 genes in the
WGS; CMH, SMC, AMH, SS, TM, FJA, RB, BP, PP, PR, ATW, CW. JB and RN
provided technical and bioinformatic support for the genome annotation
project and RN produced Additional file 3. AG, CH, DB, NRT, KW and NPM
provided supervisory roles in experimental design and results analysis. All
authors read and approved the final manuscript.
Acknowledgements
The authors acknowledge support by the Biotechnology and Biological
Sciences Research Council (BBSRC), as part of the BBSRC Longer and Larger
Grant GASCHEM (BBSRC No. BB/K00283X/1), and by the industrial partner
LanzaTech Inc. Furthermore, we acknowledge technical assistance by the
Bioinformatics Core Facility / Professorship of Systems Biology at Justus
Liebig University Giessen and access to resources financially supported by
the Federal Ministry of Education and Research (BMBF) (FKZ 031A533) within
the de. NBI network. The responsibility for the content of this manuscript lies
with the authors.
Author details
1BBSRC/EPSRC Synthetic Biology Research Centre, School of Life Sciences,
University of Nottingham, Nottingham NG7 2RD, UK. 2School of Pharmacy,
University of Nottingham, Nottingham NG7 2RD, UK. 3School of Chemistry,
University of Nottingham, Nottingham NG7 2RD, UK. 4Bioinformatics and
Systems Biology, Justus-Liebig-University Giessen, 35392 Giessen, Germany.
Received: 2 August 2015 Accepted: 10 December 2015
References
1. Sims R, Taylor M, Sadler J, Mabee W. From 1st- to 2nd-generation biofuels
technologies. Paris: International Energy Agency (IEA) and Organisation for
Economic Co-Operation and Development; 2008.
2. The State of Food Insecurity in the World 2008, The State of Food Insecurity
in the World. High food prices and food security – threats and
opportunities. Rome: Food and Agriculture Organization of the United
Nations; 2008.
3. Mazzoli R. Development of microorganisms for cellulose-biofuel
consolidated bioprocessings: metabolic engineers’ tricks. Comput Struct
Biotechnol J. 2012;3:e201210007.
4. Tirado-Acevedo O, Chinn MS, Grunden AM. Production of biofuels from
synthesis gas using microbial catalysts. Appl Microbiol. 2010;70:57–92.
5. Köpke M, Held C, Hujer S, Liesegang H, Wiezer A, Wollherr A, et al.
Clostridium ljungdahlii represents a microbial production platform based on
syngas. Proc Natl Acad Sci U S A. 2010;107(29):13087–92.
6. Köpke M, Mihalcea C, Bromley JC, Simpson SD. Fermentative production of
ethanol from carbon monoxide. Curr Opin Biotechnol. 2011;22(3):320–5.
7. Köpke M, Mihalcea C, Liew F, Tizard JH, Ali MS, Conolly JJ, et al. 2,3-
butanediol production by acetogenic bacteria, an alternative route to
chemical synthesis, using industrial waste gas. Appl Environ Microbiol. 2011;
77(15):5467–75.
8. Levy PF, Barnard GW, Garciamartinez DV, Sanderson JE, Wise DL. Organic-
acid production from CO2/H2 and CO/H2 by mixed-culture anaerobes.
Biotechnol Bioeng. 1981;23(10):2293–306.
9. Abrini J, Naveau H, Nyns E-J. Clostridium autoethanogenum, sp. nov., an
anaerobic bacterium that produces ethanol from carbon monoxide. Arch
Microbiol. 1994;161(4):345–51.
10. Cotter JL, Chinn MS, Grunden AM. Influence of process parameters on
growth of Clostridium ljungdahlii and Clostridium autoethanogenum on
synthesis gas. Enzym Microb Technol. 2009;44(5):281–8.
11. Cotter JL, Chinn MS, Grunden AM. Ethanol and acetate production by
Clostridium ljungdahlii and Clostridium autoethanogenum using resting cells.
Bioprocess Biosyst Eng. 2009;32(3):369–80.
12. Guo Y, Xu J, Zhang Y, Xu H, Yuan Z, Li D. Medium optimization for ethanol
production with Clostridium autoethanogenum with carbon monoxide as
sole carbon source. Bioresour Technol. 2010;101(22):8784–9.
13. Abubackar HN, Veiga MC, Kennes C. Biological conversion of carbon
monoxide to ethanol: effect of pH, gas pressure, reducing agent and yeast
extract. Bioresour Technol. 2012;114:518–22.
14. Bruno-Barcena JM, Chinn MS, Grunden AM. Genome sequence of the
autotrophic acetogen Clostridium autoethanogenum JA1-1 strain DSM
10061, a producer of ethanol from carbon monoxide. Genome Announc.
2013;1(4):e00628–13.
15. Eid J, Fehr A, Gray J, Luong K, Lyle J, Otto G, et al. Real-time DNA sequencing
from single polymerase molecules. Science. 2009;323(5910):133–8.
16. Brown SD, Nagaraju S, Utturkar S, De Tissera S, Segovia S, Mitchell W, et al.
Comparison of single-molecule sequencing and hybrid approaches for
finishing the genome of Clostridium autoethanogenum and analysis of
CRISPR systems in industrial relevant Clostridia. Biotechnol Biofuels. 2014;
7(1):40.
17. Utturkar SM, Klingeman DM, Bruno-Barcena JM, Chinn MS, Grunden AM,
Köpke M, et al. Sequence data for Clostridium autoethanogenum using three
generations of sequencing technologies. Sci Data. 2015;2:150014.
18. Tatusova T, Ciufo S, Federhen S, Fedorov B, McVeigh R, O’Neill K, et al.
Update on RefSeq microbial genomes resources. Nucleic Acids Res. 2015;
43(D1):D599–605.
19. Monot M, Boursaux-Eude C, Thibonnier M, Vallenet D, Moszer I, Medigue C,
et al. Reannotation of the genome sequence of Clostridium difficile strain
630. J Med Microbiol. 2011;60(8):1193–9.
Humphreys et al. BMC Genomics  (2015) 16:1085 Page 9 of 10
20. Chowdhary N, Selvaraj A, KrishnaKumaar L, Kumar GR. Genome wide re-
annotation of Caldicellulosiruptor saccharolyticus with new insights into
genes involved in biomass degradation and hydrogen production. PLoS
One. 2015;10(7):e0133183.
21. Tae H, Karunasena E, Bavarva JH, Garner HR. Updating microbial genomic
sequences: improving accuracy & innovation. Biodata Min. 2014;7:25.
22. Galperin MY, Koonin EV. From complete genome sequence to ‘complete’
understanding? Trends Biotechnol. 2010;28(8):398–406.
23. Tanner RS, Miller LM, Yang D. Clostridium ljungdahlii sp. nov., an Acetogenic
Species in Clostridial rRNA homology group I. Int J Syst Bacteriol. 1993;43(2):
232–6.
24. Richardson EJ, Watson M. The automatic annotation of bacterial genomes.
Brief Bioinform. 2013;14(1):1–12.
25. Stackebrandt E, Kramer I, Swiderski J, Hippe H. Phylogenetic basis for a
taxonomic dissection of the genus Clostridium. FEMS Immun Med Microbiol.
1999;24(3):253–8.
26. Altschul SF, Madden TL, Schäffer AA, Zhang J, Zhang Z, Miller W, et al.
Gapped BLAST and PSI-BLAST: a new generation of protein database search
programs. Nucleic Acids Res. 1997;25(17):3389–402.
27. Kurtz S, Phillippy A, Delcher AL, Smoot M, Shumway M, Antonescu C, et al.
Versatile and open software for comparing large genomes. Genome Biol.
2004;5(2):R12.
28. Meyer F, Goesmann A, McHardy AC, Bartels D, Bekel T, Clausen J, et al.
GenDB - an open source genome annotation system for prokaryote
genomes. Nucleic Acids Res. 2003;31(8):2187–95.
29. Hyatt D, Chen GL, LoCascio PF, Land ML, Larimer FW, Hauser LJ. Prodigal:
prokaryotic gene recognition and translation initiation site identification.
BMC Bioinformatics. 2010;11:119.
30. Lowe TM, Eddy SR. tRNAscan-SE: A program for improved detection of
transfer RNA genes in genomic sequence. Nucleic Acids Res. 1997;25(5):
955–64.
31. Lagesen K, Hallin P, Rodland EA, Staerfeldt HH, Rognes T, Ussery DW.
RNAmmer: consistent and rapid annotation of ribosomal RNA genes.
Nucleic Acids Res. 2007;35(9):3100–8.
32. Pruitt KD, Tatusova T, Maglott DR. NCBI reference sequences (RefSeq): a
curated non-redundant sequence database of genomes, transcripts and
proteins. Nucleic Acids Res. 2007;35:D61–5.
33. The UniProt Consortium. The universal protein resource (UniProt). Nucleic
Acids Res. 2007;35 Suppl 1:D193–7.
34. Boeckmann B, Bairoch A, Apweiler R, Blatter MC, Estreicher A, Gasteiger E,
et al. The SWISS-PROT protein knowledgebase and its supplement TrEMBL
in 2003. Nucleic Acids Res. 2003;31(1):365–70.
35. Ogata H, Goto S, Sato K, Fujibuchi W, Bono H, Kanehisa M. KEGG: Kyoto
Encyclopedia of genes and genomes. Nucleic Acids Res. 1999;27(1):29–34.
36. Claudel-Renard C, Chevalet C, Faraut T, Kahn D. Enzyme-specific profiles for
genome annotation: PRIAM. Nucleic Acids Res. 2003;31(22):6633–9.
37. Pagni M, Ioannidis V, Cerutti L, Zahn-Zabal M, Jongeneel CV, Hau J, et al.
MyHits: improvements to an interactive resource for analyzing protein
sequences. Nucleic Acids Res. 2007;35:W433–7.
38. Sigrist CJA, de Castro E, Cerutti L, Cuche BA, Hulo N, Bridge A, et al. New
and continuing developments at PROSITE. Nucleic Acids Res. 2013;41(D1):
E344–7.
39. Scheer M, Grote A, Chang A, Schomburg I, Munaretto C, Rother M, et al.
BRENDA, the enzyme information system in 2011. Nucleic Acids Res. 2011;
39:D670–6.
40. Schomburg I, Chang A, Schomburg D. BRENDA, enzyme data and
metabolic information. Nucleic Acids Res. 2002;30(1):47–9.
41. Jones P, Binns D, Chang HY, Fraser M, Li WZ, McAnulla C, et al. InterProScan
5: genome-scale protein function classification. Bioinformatics. 2014;30(9):
1236–40.
42. Finn RD, Bateman A, Clements J, Coggill P, Eberhardt RY, Eddy SR, et al.
Pfam: the protein families database. Nucleic Acids Res. 2014;42(D1):D222–30.
43. Protein Naming Guidelines [http://www.uniprot.org/docs/nameprot]
44. Treangen TJ, Abraham A-L, Touchon M, Rocha EPC. Genesis, effects and
fates of repeats in prokaryotic genomes. FEMS Microbiol Reviews. 2009;
33(3):539–71.
45. Koren S, Harhay GP, Smith TPL, Bono JL, Harhay DM, McVey SD, et al.
Reducing assembly complexity of microbial genomes with single-molecule
sequencing. Genome Biol. 2013;14(9):R101.
46. Quail MA, Smith M, Coupland P, Otto TD, Harris SR, Connor TR, et al.
A tale of three next generation sequencing platforms: comparison of
Ion Torrent, Pacific Biosciences and Illumina MiSeq sequencers. BMC
Genomics. 2012;13:341.
47. Fichot EB, Norman RS. Microbial phylogenetic profiling with the Pacific
Biosciences sequencing platform. Microbiome. 2013;1(1):10.
48. Ross MG, Russ C, Costello M, Hollinger A, Lennon NJ, Hegarty R, et al.
Characterizing and measuring bias in sequence data. Genome Biol. 2013;
14(5):R51.
49. Feng Y, Zhang Y, Ying C, Wang D, Du C. Nanopore-based fourth-generation
DNA sequencing technology. Genomics Proteomics Bioinformatics. 2015;
13(1):4–16.
50. Marmur J. A procedure for the isolation of deoxyribonucleic acid from
micro-organisms. J Mol Biol. 1961;3(2):208–IN201.
•  We accept pre-submission inquiries 
•  Our selector tool helps you to find the most relevant journal
•  We provide round the clock customer support 
•  Convenient online submission
•  Thorough peer review
•  Inclusion in PubMed and all major indexing services 
•  Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit
Submit your next manuscript to BioMed Central 
and we will help you at every step:
Humphreys et al. BMC Genomics  (2015) 16:1085 Page 10 of 10
